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Minichromosomes of wild-type polyomavirus were previously shown to be highly acetylated on histones H3
and H4 compared either to bulk cell chromatin or to viral chromatin of nontransforming sr-t mutants, which
are defective in both the small T and middle T antigens. A series of site-directed virus mutants have been used
along with antibodies to sites of histone modifications to further investigate the state of viral chromatin and
its dependence on the T antigens. Small T but not middle T was important in hyperacetylation at major sites
in H3 and H4. Mutants blocked in middle T signaling pathways but encoding normal small T showed a
hyperacetylated pattern similar to that of wild-type virus. The hyperacetylation defect of r-t mutant NG59 was
partially complemented by growth of the mutant in cells expressing wild-type small T. In contrast to the
hypoacetylated state of NG59, NG59 minichromosomes were hypermethylated at specific lysines in H3 and also
showed a higher level of phosphorylation at H3ser10, a modification associated with the late G, and M phases
of the cell cycle. Comparisons of virus growth kinetics and cell cycle progression in wild-type- and NG59-
infected cells showed a correlation between the phase of the cell cycle at which virus assembly occurred and
histone modifications in the progeny virus. Replication and assembly of wild-type virus were completed largely
during S phase. Growth of NG59 was delayed by about 12 h with assembly occurring predominately in G,.
These results suggest that small T affects modifications of viral chromatin by altering the temporal coordi-

nation of virus growth and the cell cycle.

Histone modifications play important roles in regulating cel-
lular DNA transcription, replication, and repair. Histones un-
dergo a variety of reversible covalent modifications including
acetylation, methylation, and phosphorylation which contrib-
ute to the control of these processes (37, 52, 57). While much
has been learned about the chemistry and enzymology of his-
tone modifications, knowledge of their functional importance
and how they are regulated is lagging. The mouse polyomavi-
rus and other members of the polyomavirus group package
their ~5-kb circular DNA as a minichromosome utilizing cel-
lular histones ordered into roughly 24 nucleosomes (42). We
have used the minichromosomes of wild-type (WT) and mu-
tant polyomaviruses as a model system to study the regulation
of histone modifications by the viral T antigens.

Minichromosomes of polyomavirus and simian virus 40
(SV40) show an unusually high degree of acetylation of his-
tones H3 and H4 compared to normal cell chromatin (43).
Interestingly, minichromosomes of polyomavirus Ar-f mutants
(43), a class of host range mutants that are defective in cell
transformation, were not hyperacetylated (3). These mutants
are altered in sequences shared by the small T (sT) and middle
T (mT) antigens but encode a normal large T (6, 22). Large T
mutants of the s-4 class of both viruses were highly acetylated
(43). Recent studies with SV40 have revealed a dynamic state
of the viral minichromosome during replication. Extensive re-
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modeling of viral chromatin occurs during replication in terms
of the distribution and state of acetylation of nucleosomes,
coinciding with the early versus late phases of viral gene ex-
pression and distribution of RNA polymerase II (2).

Because polyomavirus /Ar-t mutants are defective in both sT
and mT, it was not possible in the earlier investigation to
determine which of the two T antigens (or both) is responsible
for H3 and H4 hyperacetylation. Nor did the earlier study
address whether WT and hr-t mutant viral chromatin differ
with respect to other modifications. mT is the major transform-
ing protein of the virus. It resides principally in the plasma
membrane, where it serves as both activator and substrate for
tyrosine protein kinases of the src family. In this capacity it
serves to activate several signaling pathways that promote mi-
togenesis and block apoptosis (reviewed in reference 25). sT
serves as a regulatory subunit of the heterotrimeric protein
phosphatase 2A (PP2A) (39), modulating its activity either
positively or negatively toward numerous substrates including
components of the mitogen-activated protein kinase pathway
(41, 50). Both mT and sT play a positive role in viral DNA
replication and transcription in NIH 3T3 cells (9-11). Using a
series of site-directed mutants that selectively alter mT func-
tions without altering sT, we show that expression of the sT
antigen is sufficient for hyperacetylation of viral chromatin. In
contrast to its hypoacetylated state, 4r-f mutant viral chromatin
is hypermethylated and hyperphosphorylated on H3 compared
to WT virus. Evidence is presented that sT differentially mod-
ulates levels of acetylation and phosphorylation by altering the
temporal coordination between virus growth and the virus-
driven cell cycle.
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FIG. 1. Schematic of polyomavirus T-antigen mutants NG59, NG18, 808A, 250YS, 315YF, 322YF, and 1387T used in this study. The three
major early mRNAs, differing in splicing patterns, are denoted by horizontal lines. 4r-t mutants NG59 and NG18 have mutations (insertion and
substitution in NG59, deletion in NG18) in the large-T exon, resulting in nonfunctional mT and sT. A mutation at the 3’ slice site for mT in mutant
808A is depicted by an “X.” Single-site mutations at tyrosine phosphorylation sites in mT (250YS, 315YF, and 322YF) are depicted with vertical
lines. The introduction of a stop codon upstream of the membrane binding domain near the C terminus of mT (gray rectangle) in mutant 1387T

is depicted by slanted lines (/).

MATERIALS AND METHODS

Viruses and cells. /-t and site-directed mutants have been described previ-
ously (3-5, 7, 31, 53) and are presented schematically in Fig. 1. WT and mutants
NGS59, NG18, 808A, 250YS, 315YF, 322YF, and 1387T were amplified in pri-
mary baby mouse kidney (BMK) cells prepared as described previously (14). To
complement the loss of sT from NG59, the virus was cultured on NIH 3T3 cells
expressing sT under a tetracycline-repressible promoter. NIH 3T3-sT (3T3-sT)
cells were grown in Dulbecco modified Eagle medium containing 50 g per ml
Geneticin and 4 pg/ml tetracycline along with sodium bicarbonate, penicillin-
streptomycin, and 5% calf serum. One day before viral inoculation, the 3T3-sT
cells were split to Geneticin and tetracycline-free medium. Except for the single
mT mutants 250YS, 315YF, and 322YF, results for all mutant and WT viruses
were derived from independently amplified stocks, and assays were performed
independently by at least two investigators with similar results. Assays with
mT-defective mutants 808A and 1387T were done multiple times.

Virus purification. Crude virus was prepared from infected-cell lysates by two
rounds of freeze-thaw, centrifugation at 8,000 X g for 30 min at 4°C, and
treatment of the cell debris with 0.5 unit/ml of neuraminidase for 30 min at 37°C.
The treated cell debris was centrifuged at 8,000 X g for 30 min at 4°C. Virus was
purified from the combined supernatants by pelleting the supernatants at
104,000 X g for 1.5 h at 4°C; resuspending them in 10 mM HEPES, pH 7.5, 1 mM
CaCl,, and 150 mM NaCl (buffer A); and treating them with 0.5% deoxycholate
at 37°C for 30 min. The deoxycholate-treated virus was centrifuged at 8,000 X g
for 20 min at 20°C. Virus in the supernatant was pelleted at 104,000 X g for 2 h
at 4°C and resuspended in buffer A containing 0.45 g/ml of cesium chloride.
Gradients were centrifuged to equilibrium at 207,000 X g for 24 h at 10°C.
Cesium chloride was removed by dialysis against buffer A. Purified virus was
quantitated by UV spectroscopy using the Warburg-Christiansen formula. A
260/280 ratio of 1.28 to 1.33 was deemed an acceptable level of purification.
Virus was stored at —80°C until use.

Total cell protein preparation. BMK cells were infected with WT or NG59
virus at a multiplicity of infection of 5 to 10 PFU/cell. Total cellular protein was
prepared with boiling 2X sodium dodecyl sulfate buffer (10 mM Tris, pH 6.8, 4%
sodium dodecyl sulfate, 8% glycerol, 0.04% bromophenol blue, 1% B-mercap-
toethanol). All samples were stored at —80° until use.

TAU gels and Western blotting. Triton acid-urea (TAU) gels were prepared
and run using the procedure found in Current Protocols in Molecular Biology
(14a). Briefly, purified virus samples contained 90 ng of protein per well. Gels
were silver stained using a protein silver staining kit from Amersham Pharmacia.
Western blot assays were carried out on 12% NUPAGE Bis-Tris gels from
Invitrogen (Carlsbad, CA) and transferred to Immobilon-PS? (Millipore Corp.,
Bedford, MA) by semidry transfer. T antigens were analyzed as described pre-
viously (14).

Abs. The antibodies (Abs) for Western blotting were anti-AcH3 Ab (06-599),
anti-AcH3K9 Ab (06-942), anti-AcH3K14 Ab (06-911), anti-H3 Ab (05-499), anti-
AcH4 Ab (06-598), anti-AcH4K5 Ab (07-327), and anti-AcH4K8 Ab (06-760).

Anti-AcH4K12 Ab (06-761), anti-AcH4K16 Ab (06-762), anti-H4 Ab (05-858), anti-
diMeH3K4 Ab (07-030), anti-triMeH3K9 Ab (07-442), anti-diMeH3K79 Ab (07-
366), and anti-H3Pser10 Ab (06-570) were all from Upstate Cell Signaling Solutions,
Lake Placid, NY. Secondary Abs were IRDye800 donkey anti-rabbit immunoglob-
ulin G heavy-plus-light chain (611-732-127; Rockland) and Alexa Fluor 680 goat
anti-mouse immunoglobulin G heavy-plus-light chain from Molecular Probes. Blots
were analyzed using a Licor Odyssey infrared imager. Quantitation was performed
using ImagelJ or Licor Odyssey software. The concentration of modified histone was
divided by the concentration of total histone, and the resulting ratios were compared
to determine the relative levels of modification.

Cell cycle analysis. BMK cells were cultured in medium containing 0.1%
newborn calf serum for 24 h and infected at a multiplicity of infection of 5 to 10,
giving >80% T-antigen-positive cells by 36 h postinfection. Cells were prepared
and fluorescence-activated cell sorting (FACS) analysis was performed as de-
scribed previously (14).

Assay for virus growth. BMK cells were plated at 90% confluence in 24-well
plates. Infection was done at a multiplicity of infection of 5 to 10 PFU per cell.
At timed intervals plates were frozen in duplicate at —20°C and total virus yield
was determined by plaque assay as described previously (14).

RESULTS

Hyperacetylation of histones H3 and H4 is dependent on sT.
A schematic of the WT and mutant polyomaviruses used in this
study is shown in Fig. 1. Ar-t mutants are altered in sequences
within the large T intron. They are therefore defective in both
sT and mT antigens but encode a normal large T. Histones H3
and H4 were previously shown to be hyperacetylated in WT
virus compared to Ar-t mutants (43). This is illustrated again
here in Fig. 2A, showing the region of silver-stained TAU gels
where the multiply acetylated species of H4 are well resolved.
There is a clear shift toward the higher-acetylated forms in the
WT compared to hr-t mutants NG59 and NG18. This is seen by
noting the increases in the monoacetylated and diacetylated
forms compared to unmodified H4 in the WT virus compared
to the decreasing amounts of these forms relative to unacety-
lated H4 in the sir-t mutants. H3 shows similar results, although
the acetylated species are less well resolved (not shown). Fig-
ure 2B shows results with three mT mutants with tyrosine
substitutions that block different signal transduction pathways:
250YS is blocked in the She/ras/mitogen-activated protein ki-
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FIG. 2. Hyperacetylation of histone H4 in purified virus is dependent on expression of normal sT. Purified virus was separated on TAU gels
and visualized by silver staining. The numbers on the right of each gel indicate the acetylation state of H4. The bar graphs represent the percent
distribution of the bands obtained from scanned images using ImageJ software. (A) TAU gels of WT virus and Ar-t mutants NG18 and NG59.
(B) TAU gels of WT virus and mT mutants 250YS, 315YF, and 322YF. (C) TAU gels of WT virus and mT truncation mutant 1387T. (D) TAU
gels of WT virus and mT mutant 808A, Ar-t mutant NG59, and NG59 grown on 3T3-sT cells.

nase pathway (4), 315YF in the phosphatidylinositol 3-kinase
pathways (5), and 322YF in the phospholipase Cy pathway
(53). Each of these mutants retains a normal sT (Fig. 1) and
shows a distribution of acetylated H4 similar to that seen in the
WT virus. Similarly, a triple mutant altered at all three sites
was found to be hyperacetylated (not shown). Mutant 1387T
encodes a mT with a premature termination codon upstream

of the membrane binding domain (Fig. 1) (7). The 1387T mT
accumulates in the cytoplasm and fails to associate with src
kinases. This mutant encodes a normal sT along with its cyto-
plasmic mT and shows a slightly higher degree of H4 acetyla-
tion than does WT virus (Fig. 2C). Like Ar-t mutants, 1387T is
unable to transform cells but unlike these mutants shows a WT
pattern of acetylation.
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FIG. 3. Hyperacetylation of viral histone H3 and acetylation of H3
and H4 at specific acetylation sites is dependent on expression of
normal sT. (A) Western blot of dissociated purified virus with Abs to
hyperacetylated H3 (AcH3) and total H3. (B) Western blots of disso-
ciated purified virus with Abs specific for H3 acetylated at lysine 9 or
14 (AcH3K9 or AcH3K14, respectively) and total H3. (C) Western
blots of dissociated purified virus with Abs specific for H4 acetylated at
lysine 5, 8, 12, or 16 (AcH4KS5, AcH4KS8, AcH4K12, or AcH4K16,
respectively) and total H4. The number below each lane represents the
ratio of the acetylated histone to total histone normalized to one for
WT virus.

Two additional approaches were taken to test whether sT
alone is sufficient to induce hyperacetylation. Mutant 808A is
altered at the mT splice acceptor site and expresses no mT
(Fig. 1). This mutant expresses sT but at a reduced level com-
pared to WT virus (31). The level of H4 acetylation in 808A
was clearly higher than in NG59 though slightly less than in
WT virus, consistent with a quantitative dependence of H4
acetylation on the level of sT (Fig. 2D). To test whether re-
storing sT function alone could complement the hyperacetyla-
tion defect of NG59, the mutant was grown on either normal
cells or cells expressing sT. The level of H4 acetylation was
higher in NG59 grown on NIH 3T3 cells rendered permissive
by expression of an inducible sT (3T3-sT) than in NG59 grown
on normal primary BMK cells (Fig. 2D).

Western blotting with Abs to acetylated H3 and H4 peptides
was used to further compare the state of acetylation in WT and
mutant viral minichromosomes. The ratios of acetylated to
total H3 and H4 for each of the mutants were normalized to
the ratio found for WT virus. Using antibody to diacetylated
(K9 and K14) H3, mutant NG59 was clearly underacetylated
compared to the WT virus (Fig. 3A). Mutant 808A showed a
value approaching that of the WT virus while 1387T and NG59
grown on 3T3-sT cells showed values equivalent to or slightly
higher than those of the WT. These results support a role for
sT in hyperacetylation of H3.

Specific histone modifications have been assigned to specific
cellular processes such as replication and transcription al-
though assignments are not absolute. For instance, acetylations
of histone H4 at lysines 5 and 12 and histone H3 at lysine 9
have been linked to replication whereas acetylations of histone
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FIG. 4. Selective methylation of histone H3 is higher in NG59
mutant virus. Shown are Western blots of dissociated purified virus
with Abs specific for H3 dimethylated on lysine 4 (diMeH3K4), H3
trimethylated on lysine 9 (triMeH3K9), or H3 dimethylated on lysine
79 (diMeH3K79) or total H3. Ratios of methylated H3 to total H3
normalized to one for WT virus are given below the lanes.

H3 at lysine 14 and histone H4 at lysines 8 and 16 are associ-
ated with actively transcribing genes (52). Acetylation of ly-
sines 9 and 14 in H3 was reduced in NG59 compared to WT
virus (Fig. 3B). More dramatic reductions in NG59 were found
at all major sites in H4 (Fig. 3C). The results in Fig. 2 and 3
point to the importance of sT and not mT in hyperacetylation
of histones H3 and H4.

NGS9 shows increased methylation at specific sites in H3.
WT and NG59 showed abundant and equal levels of dimethy-
lated K4 of H3, a histone species associated with activation of
transcription (36) (Fig. 4, top panel). In contrast, levels of
triMeK9 in H3, a species associated with heterochromatin (29,
35), and diMeK79 were very low in WT viral chromatin. Un-
expectedly, these two modifications were found at higher levels
in NG59. Loss of hr-t gene function in the virus thus leads to
opposite effects on acetylation and methylation of viral chro-
matin. Hypoacetylation of H3 and H4 in NG59 has been linked
specifically to the loss of sT function. Hypermethylation of
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FIG. 5. Hyperphosphorylation of histone H3 at serine 10 is inde-
pendent of sT in NG59 virus. Shown are Western blots of dissociated
purified virus with Abs specific for H3 phosphorylated at serine 10
(H3Pser10) or total H3. Ratios of phosphorylated H3 to total H3
normalized to one for WT virus are given below the lanes.
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specific sites in H3 in the mutant may also reflect loss of sT,
although a role of mT in these modifications has not been
ruled out. It is clear, nevertheless, that the effects of ST and/or
mT on viral chromatin are specific with respect to the site and
kinds of modification.

NGS59 shows higher levels of phosphorylation of histone H3
at serine 10 than does WT virus. PP2A is the only known
cellular target of sT, suggesting that histone phosphorylation
may be affected by the presence or absence of this viral protein.
Phosphorylation of histone H3 at serine 10 has been linked to
actively transcribing genes (12) but is also associated with chro-
matin condensation in mitosis (23, 37). PP2A has been shown
elsewhere to dephosphorylate H3Pser10 in vitro and in vivo
(38). NG59 showed a higher level of H3ser10 phosphorylation
than did WT virus. Elevated levels of phosphorylation at this
site were not seen in mutant 1387T (Fig. 5, top panel), nor in
mutant 808A or NG59 grown on cells expressing WT sT (Fig.
5, bottom panel). These results point to a role of sT in con-
trolling phosphorylation at this site. The fact that mutant
1387T exceeds the WT in its effects on H3 and H4 hyperacety-
lation (Fig. 2 and 3) as well as on downregulating H3ser10
phosphorylation (Fig. 5) is consistent with its truncated mT
acting synergistically with sT, augmenting the binding of PP2A
in the cytosol (54).

Differences in viral chromatin modification between WT and
NG59 correlate with differences in rates of virus growth and
cell cycle progression. WT sT may conceivably act directly to
inhibit PP2A’s ability to dephosphorylate H3Pser10 (38). sT
may also act indirectly to affect viral chromatin modifications
at the level of posttranslational regulation of the modifying
enzymes themselves, including histone acetyltransferases or
histone deacetylases (HDACs). Attempts were made to deter-
mine whether the activities of these enzymes were altered in
BMK cells infected with WT virus versus NG59. Nuclear ex-
tracts were prepared at roughly 45 h postinfection. No signif-
icant differences were seen in the bulk histone acetyltrans-
ferase or HDAC activities between mutant- and WT-infected
cells (data not shown). Similarly, nuclear extracts were used to
assay H3 dephosphorylation using as substrate an extract of
HelLa cells arrested in mitosis and accumulating H3Pser10. No
significant differences were seen in the rate of H3 dephosphor-
ylation using extracts from WT- versus NG59-infected cells
(data not shown).

Levels of acetylation and phosphorylation of histones and
various modifying enzymes are known to fluctuate during the
cell cycle (1, 13, 16, 21, 24, 28, 30, 33). Notably, H4 acetylation
is high during S phase (27) and phosphorylation of H3ser10 is
high in late G, and M (23). Differences in levels of these
modifications in viral chromatin may therefore reflect possible
differences between NG59 and WT virus in the rates of virus
growth and maturation with respect to the cell cycle. To test
this possibility, BMK cells were infected with NG59 or WT
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virus and followed for kinetics of virus growth and progression
through the cell cycle (Fig. 6). hr-t mutants have previously
been shown to replicate their DNA more slowly and to pro-
duce lower virus yields (11, 19). In primary BMK cells, growth
of NG59 was delayed by 12 to 15 h compared to WT virus
(Fig. 6A).

The significance of the growth delay of NG59 with respect to
its different pattern of chromatin modifications can be seen in
relation to the progression of the cell cycle in WT- versus
mutant-infected cells. FACS analysis showed roughly equal
percentages of infected cells entering S phase by 32 h postin-
fection. Thereafter, WT- and mutant-infected cells diverged in
their behavior (Fig. 6B). WT-infected cells continued to accu-
mulate in S phase. Cytopathic effects (CPEs), estimated visu-
ally and by the sub-G, peak in the FACS, occur at the late
phase of the virus growth cycle concurrent with virus assembly.
In WT-infected cells CPE set in around 40 h and increased
until roughly 60 h, i.e., a period when cells are largely still in S
phase and have not reached G,. In contrast, NG59-infected
cells emerged from S phase after 32 h and progressed to G,.
CPE was delayed compared to that for WT-infected cells. Over
50% of NG59-infected cells reached G, at the time of wide-
spread CPE compared to roughly 16% for the WT. Mutant
1387T grew with WT kinetics and with effects on the cell cycle
similar to those of WT virus. Mutant 808A showed a FACS
profile intermediate between those of NG59 and WT with
more cells in S phase and fewer accumulating in G, than found
for NG59 (not shown). Cells in the WT- and NG59-infected
cultures were followed over the same time course for H3 phos-
phorylation on serine 10. H3Pser10 in total chromatin from
infected cells was higher in NG59-infected cells than in WT-
infected cells (Fig. 6C). Differences in modeling of viral chro-
matin thus reflect the differences in timing of virus growth and
assembly with respect to the cell cycle.

DISCUSSION

The present investigation was undertaken to better under-
stand the basis of polyomavirus chromatin modifications and
their dependence on T antigens. Previous results uncovered an
unusually high degree of acetylation in viral chromatin from
WT virus and a much lower degree in a class of host range
transformation-defective (hr-f) mutants altered in both sT and
mT antigens (43). Site-directed mutants that selectively alter
mT without affecting sT and Abs to variously modified histones
have provided new tools to investigate viral chromatin model-
ing. Results have shown that sT antigen alone suffices to induce
hyperacetylation at major sites of H3 and H4. Thus, mT-de-
fective mutants that express normal sT were normally hyper-
acetylated. Ar-t mutant NG59, which is defective in both sT and
mT, became hyperacetylated when grown on cells expressing
WT sT. These results show that sT (along with large T) is

FIG. 6. NG59%-infected cells fail to pause in S phase but progress to G,/M and show a delay in virus production. (A) Virus growth curves for
WT and NGS59 virus. Virus yield in PFU per ml represents the averages of duplicate data points that varied no more than twofold. (B) FACS
analysis of virus-infected cells. The G, peak is marked with a dotted line with the <G, peak to the left and the G, peak to the right. (C) Western
blot of whole-cell protein from virus-infected cells with Abs specific for H3Pser10 or total H3. Ratios of phosphorylated H3 to total H3 are given

below the lanes.



10070 DAHL ET AL.

sufficient to induce hyperacetylation of viral chromatin and
that mT and retention of transforming functions of the virus
are not required. The possibility that mT in the absence of sT
might also lead to hyperacetylation has not been ruled out.

In contrast to acetylation of H3 and H4, methylation of
histone H3 is found at higher levels in NG59 than in WT virus.
H3 hypermethylation is selective for certain sites and modifi-
cations. triMeH3K9 and diMeH3K79 are more abundant in
NGS59 than in the WT while diMeH3K4 is equally abundant in
the two viruses. NG59 also shows higher levels of phosphory-
lation of H3 on serine 10 than does WT virus. sT function
underlies the difference in H3 phosphorylation, suggesting that
it exerts a negative effect on phosphorylation of H3ser10. Mod-
ifications of viral chromatin appear to depend quantitatively on
the level of expression of sT. This conclusion is supported by
two observations with virus mutants. Mutant 808A underex-
presses sT compared to WT virus (31). It shows a phenotype
intermediate between those of NG59 and WT virus with re-
spect to levels of H3 and H4 acetylation (Fig. 2 and 3) and H3
phosphorylation (Fig. 5). Mutant 1387T expresses a cytoplas-
mic mT which is expected to bolster the function of its normal
ST (54). Its effects are enhanced compared to those of WT
virus with respect to both acetylation (Fig. 2 and 3) and phos-
phorylation (Fig. 5).

We suggest that differences in viral chromatin modifications
between WT virus and Ar-t mutant NG59 can be understood as
arising from differences in the rates of virus growth and pro-
gression through the cell cycle. Histone acetylation of H3 and
H4, phosphorylation of H3 on serine 10, and methylation of
triMeH3K9 and diMeH3K79 in bulk cell chromatin are all
known to vary through the normal cell cycle (15, 21, 28, 32, 33).
Global histone acetylation decreases sharply during mitosis
whereas phosphorylation of histone H3 on serine 10 increases
in late G, and M (23). Levels of triMeH3K9 and diMeH3K79
also rapidly increase as cells enter mitosis (15, 32). Both WT
virus and Ar-t mutant NG59 drive resting BMK cells into S
phase through large T-pRb interaction (17), but they differ
with respect to rates of virus growth and subsequent progres-
sion through the cell cycle. WT virus induces and utilizes an
ATM pathway of DNA repair to prolong S phase and promote
virus replication (14). WT-infected BMK cells remain in S
phase until virus replication is complete. Encapsidation of WT
minichromosomes thus occurs when H3 and H4 acetylation are
high and H3 phosphorylation is low. NG59 replicates its DNA
more slowly and produces lower virus yields than does WT (11,
18). NG59-infected cells leave S phase and enter G, before
completing virus replication. Another Ar-t mutant has been
shown to induce a G,/M-phase arrest in NIH 3T3 cells (51).
Assembly of NG59 thus occurs mainly in G, when acetylation
is low and H3 phosphorylation is high.

There are many points where sT acting through PP2A might
affect cell cycle regulation and virus growth kinetics. For ex-
ample, PP2A negatively regulates entry into mitosis (26). It
also antagonizes ATM and ATR in the DNA damage check-
point (20, 40), which is induced and utilized by the virus (14).
Both SV40 large T and polyomavirus large T are phosphory-
lated at SQ motifs which could be potential sites of phosphor-
ylation by ATM/ATR (8, 45). SV40 DNA replication is regu-
lated by phosphorylation of large T in an sT/PP2A-dependent
manner (44-46, 55). Polyomavirus DNA replication is also

J. VIROL.

regulated by multiple phosphorylation sites on large T (8).
SV40 sT regulates cell cycle progression at least in part
through induction of cyclins D1 and A (49, 56). Polyomavirus
sT has been shown to promote cell cycle progression (34) and
to synergize with large T for S-phase induction in Swiss 3T3
mouse fibroblasts (47, 48). sT/PP2A may also affect rates and
efficiency of encapsidation through phosphorylation of VP1
(18). Identities of the critical PP2A substrates at possible
points of intervention in the virus growth cycle and cell cycle
progression and how they may be affected by sT remain un-
known.
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